The structure and dynamics of the urea-denatured B1 immunoglobulin binding domain of streptococcal protein G (GBl) has been investigated by multidimensional heteronuclear NMR spectroscopy. Complete 'H, "N, and I3C assignments are obtained by means of sequential through-bond correlations. The nuclear Overhauser enhancement, chemical shift, and 3JHN, coupling constant data provide no evidence for the existence of any significant population of residual native or nonnative ordered structure. "N relaxation measurements at 500 and 600 MHz, however, provide evidence for conformationally restricted motions in three regions of the polypeptide that correspond to the second P-hairpin, the N-terminus of the a-helix, and the middle of the a-helix in the native protein. The time scale of these motions is longer than the apparent overall correlation time (-3 ns) and could range from about 6 ns in the case of one model to between 4 ps and 2 ms in another; it is not possible to distinguish between these two cases with certainty because the dynamics are highly complex and hence the analysis of the time scale of this slower motion is highly model dependent. It is suggested that these three regions may correspond to nucleation sites for the folding of the GB1 domain. With the exception of the N-and C-termini, where end effects predominate, the amplitude of the subnanosecond motions, on the other hand, are fairly uniform and model independent, with an overall order parameter S2 ranging from 0.4 to 0.5. Keywords: B1 domain; backbone dynamics; I5N relaxation; protein G ; structure; unfolded state
the transition from the unfolded to the folded state . If residual structure is a general feature of chemically denatured proteins, the two-state model would need to be modified to relate residual structure in the unfolded state to the energetics and kinetics of the folding reaction.
A series of recent NMR studies on the chemically denatured state of two proteins, 434 repressor (Neri et al., 1992a (Neri et al., , 1992b (Neri et al., , 1992c and FK506-binding protein (Logan et al., 1993 (Logan et al., , 1994 , have indicated the presence of residual structure, including, in the latter example, some secondary structure. Residual structure has also been found in the acid-denatured state of barnase (Arcus et al., 1994) , the acid-denatured molten globule states of human ubiquitin (Stockman et al., 1993 ) and a-lactalbumin (Alexandrescu et al., 1993 ), a recombinant model of the reduced unfolded state of bovine pancreatic trypsin inhibitor (Lumb & Kim, 1994) , a deletion mutant of staphylococcal nuclease (Alex- (Kraulis, 1991) and the coordinates are taken from Gronenborn et al. (1991) . andrescu et al., 1994; , and the denatured form of a destabilizing mutant of staphylococcal nuclease . To date the dynamic behavior of unfolded or partially unfolded states has only been characterized to a very limited extent Farrow et al., 1995) The B1 immunoglobulin binding domain of streptococcal protein G (GBl) can be described as a prototypic polypeptide for the purposes of studying protein folding (Kuszewski et al., 1994) . In particular, it is a small 56-residue domain that is highly thermostable and contains no disulfide bridges, prolines, or prosthetic groups that could result in structural misorganization during the folding process. Its structure has been determined at high resolution by NMR and crystallography (Achari et al., 1992; Gallagher et al., 1994) , and the dynamics of the folded state have been analyzed (Barchi et al., 1994) . In the folded state, the GB1 domain is highly compact, with 95% of the residues participating in regular secondary structure. The GB1 domain comprises a four-stranded 6-sheet arranged in a -1, +3x, -1 topology on top of which lies an a-helix (Fig. 1) . The refolding kinetics from a pH denatured state have been studied by stopped-flow absorption spectroscopy (Alexander et al., 1992) and from the guanidinium chloride denatured state by quenched-flow deuterium-hydrogen exchange and stopped-flow fluorescence (Kuszewski et al., 1994) . The latter study suggested that collapse to a semi-compact state exhibiting partial order and characterized by ND-NH exchange protection factors up to 10-fold higher than that expected for a random coil, occurs in less than 1 ms, followed by the formation of the fully native state in a single rapid concerted step with a half-life of about 5 ms (Kuszewski et al., 1994) . No structural information, however, was available on the initial guanidinium chloride unfolded state of GBl. Therefore, there exists the distinct possibility that the semi-compact state inferred from the quenched-flow D-H exchange study represents the initial unfolded state of GBl.
Peptide fragments of GB1 have been studied in isolation in water and trifluoroethanol (Blanc0 et al., 1994a (Blanc0 et al., , 1994b , and it has been shown that a peptide comprising the 63-04 turn exhibits a significant population of native conformer in water. A peptide comprising the 61-42 turn, however, shows no evidence of residual structure in the absence of trifluoroethanol. Interestingly, the 63-04 turn displays the highest ND-NH exchange protection factors in the collapsed state observed by Kuszewski et al. (1994) and is therefore a good candidate for having residual structure in the unfolded state.
In the present paper, we have set out to characterize the structural and dynamic properties of the urea-unfolded state of the GB1 domain using multidimensional heteronuclear NMR spectroscopy. Neither the 'H, lsN, and "C chemical shifts, nor h e 0' %erved 'H-IH NOES provide any firm evidence for :hz prcsence of residual structure in the urea-unfolded state of GB1. "N-relaxation measurements, however, suggest that the region comprising the 03-04 turn in the native state is conformationally more restricted in the unfolded state than the rest of the protein.
Results and discussion

Equilibrium unfolding of the GB1 domain in urea
In order to establish optimal conditions for studying the unfolded state of the GB1 domain by NMR, we first established the equilibrium unfolding curve as a function of urea. The results at pH 2 and 25 "C are shown in Figure 2 . The unfolding transition is clearly two-state, with a transition point occurring at about 3.7 M urea, and the GB1 domain is completely unfolded above 6 M urea. At higher pH values, 100% occupancy of the unfolded state could not be obtained even at saturating concentrations of urea. Analysis of the data as described by Pace et al. (1989) yields a free energy of unfolding in water, AG(H,O), of 4.1 kcal.mol" at pH 2. Thus, the GB1 domain is approximately 15% less stable at pH 2 than at pH 4, where NMR of denatured B1 domain of protein G AG ( H20) has a value of 4.8 kcal mol", as determined from a guanidinium chloride unfolding study (Kuszewski et al., 1994) . With these data in hand, we proceeded to characterize the unfolded state of GB1 by NMR at pH 2 in 7.4 M urea. We note that we did not carry out this study at pH 4 using guanidinium chloride as a denaturant because, in contrast to urea, guanidinium chloride is ionic and the ionic strength required (-4.5 M) reduces the quality factor (Q) of the NMR probe significantly, thereby dramatically reducing the signal-to-noise ratio.
'H, I3C and I5N assignments of unfolded GB1
The 'H-15N HSQC correlation spectrum of denatured GB1 in 7.4 M urea, pH 2, and 25 "C is shown in Figure 3 . Cross peaks for all 55 backbone amide groups can be identified. As is evident, the chemical shifts of the backbone amide proton resonances are clustered in a narrow 0.7-ppm window between 8.0 and 8.7 ppm, typical of a denatured protein. In addition, cross peaks for the side-chain amides of three out of four carboxyamide groups (three asparagines and one glutamine, between 7 and 7.7 ppm and between 1 1 1.5 and 112.5 ppm for 'H and lSN, respectively), the NE 1H of the single Trp ring (10.1 ppm and 129.0 ppm for 'H and "N, respectively), and the N{H3+ group of lysine residues (7.68 ppm and 32.7 ppm for ' H and "N, respectively) are also The bulk of the I5N shifts for the backbone amides are clustered between 117.7 and 127.4 ppm. The ISN shifts of the Thr and Gly residues, however, are distinct from the rest, resonating between 112.3 and 118.8 ppm, and between 109.0 and 110.2ppm, respectively. There are nine pairs of identical dipeptides within the sequence ( Table 2 ). In general, the I5N shifts for these pairs tend to be similar. There is one exception, namely the Thr-Tyr pair involving Tyr 3 and Tyr 45. In this particular case, Tyr 3 is the third residue of the polypeptide and hence its amide nitrogen will be substantially influenced by the charge on the free amino terminus.
It is interesting to note that the "N shifts of the backbone amides of Thr 25 and Thr 49 are upfield shifted by 3-4 ppm relative to those of the other Thr residues in the sequence. We attribute this phenomenon to the presence of a preceding Ala residue. Indeed, similar upfield 15N shifts of the backbone amide of Thr have been observed in the only three other reported examples of an Ala-Thr dipeptide sequence within an unfolded protein Logan et al., 1994; Zhang et al., 1994) . This effect may arise from a specific contribution of the methyl group of the preceding Ala residue on the I5N shielding of the backbone amide of the following Thr residue (Le & Oldfield, 1994) .
The I3C shifts of urea-unfolded GB1 are close to those in small model polypeptides that are thought to mimic random coil behavior (Spera & Bax, 1991) . In comparing our I3C shifts to model peptide data, it was important to correct the random coil values for the Asp and Glu residues to take into account the fact that these residues are protonated under our pH conditions (namely pH 2). To this end, we used the data from Richarz and Wuthrich (1978) to estimate random coil values for the protonated forms of the Asp and Glu residues, assuming a constant difference between the Richarz and Wuthrich (1978) data on the one hand, and the Spera and Bax (1991) and Wishart et al. (1995) data on the other. The RMS differences between the I3Ca and 13C/? shifts for urea-unfolded protein G and the data of Wishart et al. (1995) , derived from model peptide with the sequence Gly-Gly-X-Ala-Gly-Gly, are 0.29 and 0.24 ppm, respectively. The corresponding numbers versus the random coil values of Spera and Bax (1991) are slightly larger, 0.38 and 0.76 ppm, respectively. A similar comparison of the ' H shifts of the unfolded GB1 with that of the peptide random coil shifts obtained by Bundi and Wiithrich (1979) , Merutka et al. (1995) , the average I3Ca, I3CP, 'Ha, and 'HP shifts for each residue and Wishart et al. (1995) yielded an RMS difference of 0.12, type in unfolded GB1 is presented in Table 3 . These shifts may 0.13, and 0.13 ppm, respectively, for the Ha protons, 0.08,0.07, be more indicative of random coil shifts in full-length proteins and 0.08 ppm, respectively, for the HP protons. A summary of than the shifts derived from short model peptides. 
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Analysis of NOE and coupling constant data for unfolded GB1
To assess the presence of any residual structure, 3 J~~a coupling constants were obtained from a 3D HNHA (Vuister & Bax, 1993) experiment, and 3D 15N and I3C-separated NOE spectra (Marion et al., 1989; Ikura et al., 1990) were recorded. The 3 J~~a coupling constants ranged from 5 to 8 Hz ( Fig. 5 ) with an average value of 6.9 k 0.7 Hz and provided no evidence for the presence of any a-helix, 0-sheet, or &turns. Likewise, the NOE data yielded no evidence for any nonsequential NOEs indicative of the presence of residual structure. A summary of the JHNa coupling constants and the NOEs involving the NH, C a H and C0H protons is provided in Figure 5 , and examples of strips taken from the 3D "N-separated NOE spectrum illustrating the NOE connectivities extending from residues 43 to 56 is shown in Random coil values are taken from Wishart et al. (1995) . Open boxes for the daN(i+l) connectivities represent those NOEs where overlap precluded the distinction between intraresidue and sequential interresidue NOEs. ticular from Tyr 33(CPH) to Ala 34(CaH), from Tyr 33(C6H) to Ala 34(CaH) and Ala 34(CPH), and from Tyr 33(CeH) t o Ala 34(CPH). This is in agreement with observations that aromatic side chains in small peptides interact with the two residues immediately C-terminal to the aromatic residue (Merutka et al., 1995; Wishart et al., 1995) . In a similar vein, a weak NOE was observed between Tyr ~( C E H ) and Leu 5(C6,H3). A small 16-residue peptide corresponding to the second 0-hairpin in GB1 (residues 41-56; Fig. 1 be monomeric and to adopt at pH 6.3 and 5 "C a population containing approximately 40% and 20% of the native-like 0-hairpin structure in pure water (Blanco et al., 1994b) and 6 M urea (Blanco & Serrano, 1995) , respectively. We see no evidence that this turn is populated in urea-unfolded GB1. Specifically, the strong sequential NH(i)-NH(i + 1) NOES between residues 47-51 that identify the turn are not observed in urea-unfolded GBl. Similarly, the 0.3 ppm difference between the C a H shifts of Asp 46 and Asp 47 that is observed in the isolated peptide in water and 6 M urea at pH 6.3 and 5 "C, is not seen in the unfolded GB1 domain in 7.4 M urea, pH 2, and 25 "C (where the difference in 'H chemical shift is only 0.03 ppm).
Dynamics of urea-un forded GB1
Although the NOE and coupling constant data provide no evidence for any residual structure, it is possible that transient medium-or long-range structures may be manifested in the backbone dynamics of unfolded GBl. To this end, we carried out I5N relaxation measurements at 500 and 600 MHz on unfolded GB1. The resulting "N T I , T,, and IH-"N NOE data are summarized in Figure 7 . The T I , T,, and NOE values appear to be quite uniform with two exceptions. First, there are clear-cut end effects at the N-(residues 2-4) and C-(residues 53-56) termini manifested by longer TI and T2 values and large negative NOE values. Excluding these residues, the average T I , T,, and NOE values (for residues 5-52) are 592 f 34 ms, 330 f 47 ms, and -0.04 k 0.13, respectively. Second, the T, values are systematically shortened between residues 42-48, and the T, values at both 500 and 600 MHz are systematically shortened between residues 21-22,28-33, and 43-51. In general, the values of the relaxation parameters at 500 and 600 MHz follow each other closely. There are a few exceptions, in particular at the N-and C-termini, presumably as a result of end effects complicating the motion. Also, there are a few additional regions where the NOE values at 500 and 600 MHz appear to differ quite sig- nificantly, with the values at one frequency being zero, and at the other, either negative (e.g., residues 16, 18, 21, and 22) or positive (residues 34,42, 43, and 47) . This is mainly due to imprecision in the measurement of very small NOE values.
Clearly, the dynamics of a random coil are complex. We therefore proceeded to fit the I5N relaxation data using two different approaches based on the general model free analysis of Lipari and Szabo (1982) . In the first instance (Model l), the complete data at 500 and 600 MHz for each residue was fit simultaneously using the Lipari and Szabo (1982) spectral density function: w 2 7 ; , + ( 1 -S2)7,/(1 + w y ) , (1) optimizing the value of the order parameter S2 and the two correlation times, 7, and re, for each residue independently. This provides an adequate fit to the data within experimental error, and the values of S 2 , T,, and 7, are summarized in Figure SA . In the second instance (Model 2), the complete data at 500 and 600 MHz for all residues was fit simultaneously using the extended spectral density function of Clore et al. (1990b) optimizing a single global value of the three correlation times r r , T ,~, and re2, and the values of the order parameters Sf' and S,' for each residue (note that the overall order parameter S 2 = Sf' .S,'). In addition, in the case of the fit using Equation 2, it was necessary to introduce an exchange line-broadening term Aex given by 1/T2(0bs) = 1/T2 + rAex,
[with rAex(500) = rAex(600) x 0.6941 for a small number of residues (namely, residues 22 and 23, 27-32, and 44-51). The fit to the experimental data for the spectral density function given by Equation 2 is shown in Figure 7 and is of the same quality as that obtained using Model 1. Plots of the optimized values of S 2 , Sj, and S,' as a function of residue number are shown in Figure 8B .
The values of the overall order parameters S2 are fairly uniform across residues 6-52, with average values of 0.49 k 0.04 and 0.46 -t 0.03 for Models 1 and 2, respectively. Moreover, the RMS difference between the values of S2 on a residue by residue basis derived using Models 1 and 2 is extremely small (0.046), indicating that the values obtained for S 2 are essentially independent of which of the two models is used (Fig. 8) . These values are a factor of about 1.6-1.7 smaller than the values of S 2 typically observed for the cores of folded proteins Clore et al., 1990a; Kordel et al., 1992; Redfield et al., 1992; Barchi et al., 1994) , but are comparable to those observed in flexible linker or loop regions (Clore et al., 1990a; Barbato et al., 1992; Akke et al., 1993) . Interestingly, S2 varies over a very small range, 0.4-0.5, over residues 6-52. This is in stark contrast to the results obtained for a disordered 13 1-residue fragment of staphylococcal nuclease and for a few selected residues of an unfolded SH3 domain in equilibrium with the folded state under aqueous conditions (Farrow et al., 1995) . In these two latter cases, S2 varies from 0.05 to 0.8 and from 0.2 to 0.8, respectively, excluding residues at the N-and C-termini. At the N-and C-termini of unfolded GBl, however, there is a significant decrease in the values of S2, which drop to about 0.1 for residues 2 and 56. These results suggest that unfolded GB1 forms a somewhat compact random coil with uniform dynamic properties on the subnanosecond time scale except for three to four residues at the N-and C-termini, where the amplitude of the subnanosecond motions are significantly increased as a result of end effects. In the case of Model 2, S2 is the product of two order parameters Sf and s,' . S j is relatively uniform throughout the sequence with an average value of 0.59 k 0.07. S,', on the other hand, displays large decreases at the N-and C-termini, and hence contributes to the decrease in S 2 for these residues. The average value of S, ' for residues 6-52 is 0.81 k 0.07. Thus, in Model 2, the faster motion associated with T ,~ is of significantly larger amplitude than the smaller one associated with 7,2.
In Model 1, values of 7 , and 7, are obtained independently for each residue. The average values of 7 , and 7, are 3.19 k 0.69 ns and 112 -t 3 ps, respectively. In the case of Model 2, single global values of T,, T,~, and 7,2 are used to fit the relaxation data for all the residues simultaneously and these have values of 2.92 k 0.06 ns, 75 k 20 ps, and 400 -t 80 ps, respectively. Thus, the overall correlation times 7 , obtained by the two methods of analysis are in good agreement. It is interesting to note that the overall rotational correlation time of folded GB1 at 25 "C is 3.3 k 0.02 ns (Barchi et al., 1994) . To compare the values of 7 , for the folded and unfolded states of GBl, it is essential to take into account the viscosity of the solutions, because 7, scales linearly with viscosity. Because the viscosity of a solution of 7.4 M urea is 1.56-fold higher than that of water (Weast & Astle, 1983) , we conclude that, at the same solution viscosity, the apparent overall tumbling rate of unfolded GB1 is a factor of about 1.7 times higher than that for the folded state.
As noted above, the TI and T2 values are significantly reduced for residues 42-5 1, and the T2 values are also reduced for residues 21-22 and 28-33 (Fig. 7) . In the case of Model 1, this is accommodated by corresponding increases in the values of 7 , , and, in the case of residues 44-46, by 7, as well (Fig. 8A) . In the case of Model 2, on the other hand, the T2 effects are manifested by the necessity to include a chemical exchange term, which again essentially mirrors the T2 variation in these three regions (Fig. 8B) . Although an exact physical model of this phenomenon is not feasible, owing to the fact that unfolded GB1 is not a globular protein, these results clearly indicate that some sort of conformationally restrictive motion must be taking place in these regions, either on the nanosecond time scale in the case of Model 1, or a time scale of -4 ps to about 2 ms in the case of Model 2 (Powers et al., 1992) . (Note that for Model 2, the lower limit of the lifetime 7 , of the exchange process is given by 7 , -2Aex/[~(v, -V B ) ' ] , where v , and vB are the chemical shifts of states A and B, respectively, assuming a maximum ISN chemical shift difference of 2 ppm and a minimum detectable increase in line width Aex of 0.1 Hz; the upper limit is determined by the 400-ps time interval between the refocusing pulses of the Carr-Purcell-Meinboom-Gill sequence used to measure T2). It is interesting to note that the three regions correspond to the N-terminus and middle of the single a-helix and to the second 0-hairpin (between strands 3 and 4) in folded GB1 (Fig. 1) . The dynamic data may therefore be interpreted to be suggestive of the presence of some transient medium-or long-range structure in these three regions whose population and lifetime are sufficiently small and short, respectively, that no nonsequential 'H-'H NOEs can be observed.
Concluding remarks
In contrast to other denatured proteins that have been studied by NMR (Neri et al., 1992a (Neri et al., , 1992b (Neri et al., , 1992c Logan et al., 1993 Logan et al., , 1994 Stockman et al., 1993; Arcus et al., 1994; , the chemical shift, 'H-IH NOE and coupling constant data show no evidence for the presence of any residual partially populated structure in the urea-unfolded state of GB1 at pH 2. Thus, the unfolded state of GB1 characterized in this paper probably represents the closest example of a random coil unfolded protein observed to date. The "N relaxation data, however, provide evidence for conformationally restricted motion in three segments of the unfolded polypeptide corresponding to the second 0-hairpin (where the phenomenon is most marked), the middle of the a-helix, and the N-terminus of the a-helix of folded GB1 . Because the dynamics of unfolded GB1 are highly complex, it is uncertain whether these motions occur on a time scale that is only a factor of about two slower than the apparent average (per residue) correlation time of -3 ns (as deduced from the spectral density function given by Equation l), or whether they give rise to chemical exchange line broadening (as deduced from the spectral density function given by Equation 2), in which case the time scale may range from about 4 ps to 2 ms. Moreover, it is important to note that these motions do not perturb the values of the overall order parameters S2, which are only dependent on internal motions occurring on the subnanosecond time scale and are fairly uniform, varying over a range from 0.4 to 0.5 (for residues 6-52), except at the N-and C-termini, where end effects predominate.
Irrespective of the interpretation, the population of ordered structure in these three regions is too small to permit the observation of 'H-'H NOEs. It is possible that these three regions may comprise potential nucleation sites for folding. In this regard, three observations are of interest. First, the three regions correspond to the segments of the polypeptide that show apparent protection factors for ND-NH exchange up to 10-fold higher than that expected for a random coil in the apparent initial state observed in the folding of GB1 by quenched flow D-H exchange (Kuszewski et al., 1994) . Second, a 16-residue peptide comprising the second @-hairpin has been shown by NMR to contain a population of about 40% native-like &hairpin structure in pure water (Blanco et al., 1994b) . Third, a 20-residue peptide corresponding to the a-helix of GB1 has been shown to easily adopt an a-helical conformation upon addition of only small amounts of trifluoroethanol (Blanco & Serrano, 1995) .
Materials and methods
Sample preparation
GB1 was expressed and purified as described previously (Gronenbornetal., 1991; Gronenborn&Clore, 1993) . Uniformly(>95%) I5N-and "N/I3C-labeled GB1 domain was prepared by growing the bacteria on minimal medium using "NH4CI and '3C6-glucose as the sole nitrogen and carbon sources, respectively. The samples
